In the past, molecular clocks have been used to estimate divergence times among animal phyla, but those time estimates have varied widely (1200^670 million years ago, Ma). In order to obtain time estimates that are more robust, we have analysed a larger number of genes for divergences among three well-represented animal phyla, and among plants, animals and fungi. The time estimate for the chordate^arthropod divergence, using 50 genes, is 993 AE46 Ma. Nematodes were found to have diverged from the lineage leading to arthropods and chordates at 1177 AE79 Ma. Phylogenetic analyses also show that a basal position of nematodes has strong support (p499%) and is not the result of rate biases. The three-way split (relationships unresolved) of plants, animals and fungi was estimated at 1576 AE 88 Ma. By inference, the basal animal phyla (Porifera, Cnidaria, Ctenophora) diverged between about 1200^1500 Ma. This suggests that at least six animal phyla originated deep in the Precambrian, more than 400 million years earlier than their ¢rst appearance in the fossil record.
INTRODUCTION
Most animal phyla appear in the fossil record during a relatively short interval, the`Cambrian explosion', about 530 Ma (¢gure 1). If phylogenetic divergences among the phyla also occurred at that time, it provides an unparalleled example of rapid organismal change. Alternatively, if animal phyla diverged over a long prior time interval then rapid rates of morphological change are not required. Molecular clocks can test these hypotheses, but previous attempts have yielded widely varying divergence times between protostomes and deuterostomes (1200^670 Ma) (Ayala et al. 1998; Brown et al. 1972; Feng et al. 1997; Gu 1998; Runnegar 1982 Runnegar , 1986 Wray et al. 1996) . Although all time estimates have preceded the Cambrian, the divergence time (670 Ma) obtained in one recent study (Ayala et al. 1998 ) was considered to be consistent with palaeontological evidence and the Cambrian explosion theory. Because of this, there has been considerable uncertainty as to the actual time of divergence and its bearing on thè Cambrian explosion' model of animal evolution.
Some of this variation among molecular time estimates is due to di¡erent methodologies used. For example, some studies (Ayala et al. 1998; Feng et al. 1997; Wray et al. 1996) have used an average of many calibration points, whereas others (Gu 1998) have used a small number of wellsupported calibration points. Some studies (Wray et al. 1996) have included DNA sequences (18S ribosomal RNA) in their analyses whereas others have used only protein sequences. In some cases (Ayala et al. 1998; Wray et al. 1996) , mitochondrial genes have been examined, whereas other researchers (Feng et al. 1997; Gu 1998) have focused on nuclear genes only. Although the methodological di¡erences and their e¡ects on time estimation have been discussed (Ayala et al. 1998) , another important factor is the number of genes that has been used to estimate divergence time. Because the coe¤cient of variation of divergence time estimates among genes is large (25^35%), many independent genes should be used to estimate time (Kumar & Hedges 1998) . For this reason, we have focused here on obtaining a larger sample of genes to address this evolutionary question.
The phylogenetic relationships of animal phyla are not well established, and most previous molecular studies have focused on sequences from a single gene, usually the 18S ribosomal RNA gene (Aguinaldo et al. 1997) . Here, we use a larger sampling of genes to explore the phylogenetic relationships of three animal phyla (arthropods, nematodes and chordates) and three kingdoms (plants, animals and fungi).
MATERIALS AND METHODS
The protein sequence databases (Genbank) were searched for genes in which divergence times could be estimated between two or more animal phyla, or among plants, animals and fungi. In addition, short (5100 amino acids) sequences were omitted, and sequences of at least one mammal and one bird, for primary calibration, or primate and rodent, for secondary calibration, were required for time calibration (see below). Obvious cases of paralogy were avoided by visually inspecting phylogenetic trees of each gene and omitting genes in which established monophyletic groups (e.g. plants, animals) were paraphyletic or polyphyletic, or where the rate of sequence evolution varied widely among taxa. The removal of outliers (see below) also provided a means of reducing the e¡ect (if present) of gene paralogy.
In all, 75 nuclear genes met these criteria and could be used to estimate divergence times (table 1) . Sequences were aligned using Clustal V (Higgins et al. 1992) and each alignment was visually inspected and adjusted (if necessary). Rate variation among sites was modelled using a gamma distance, and the gene-speci¢c shape parameters (a) were estimated (Gu & Zhang 1997) for evolutionary distance calculations. In estimating these distances, the complete-deletion method (Kumar et al. 1993) was used in the primary analyses, whereby all insertion^deletion sites were excluded from the calculation of distance. For comparison only, the pairwise-deletion method (Kumar et al. 1993 ) also was used. For each taxonomic comparison, representative sequences were placed into clusters and average distances between clusters were calculated (Kumar 1996; Rzhetsky et al. 1995) .
To estimate divergence time, the fossil-based bird^mammal divergence (310 Ma) was used as a primary calibration. It represents the split between synapsids (ancestors of mammals) and diapsids (ancestors of birds) as evidenced by the earliest representatives of those groups found in Carboniferous sediments at Joggins, Nova Scotia (Benton 1997) . It is one of the best calibration points within vertebrates for several reasons: (i) the unique conditions of preservation at this site, in fossilized tree stump holes (natural pitfall traps), has yielded an unusually good fossil record of early amniotes; (ii) the earliest representatives of the two lineages are very similar in morphology, resembling small lizards, suggesting that the actual divergence was not signi¢cantly earlier; (iii) no earlier amniote fossils have been found since the discovery of this site in the mid-1800s; and (iv) the transition from ¢shes to stem amphibians (360^380 Ma) and the morphological gap between the ¢rst tetrapods and the ¢rst amniotes constrains this date from being signi¢cantly earlier (Benton 1997; Kumar & Hedges 1998) .
The earliest synapsids and diapsids are well recognized as such and are connected to their descendants (e.g. mammals and birds, respectively) through a series of fossils. On the mammalian side, there is a well-documented transition of synapsids from pelycosaurs to therapsids, cynodonts and ¢nally to mammals (Benton 1993 (Benton , 1997 . On the avian side, there is some disagreement as to which speci¢c lineage of diapsid led to the origin of birds, but there is no dispute that birds descended from diapsid reptiles (Benton 1997) . Thus there is strong palaeontological evidence that the divergence between birds and mammals was not more recent than 310 Ma.
For genes where a bird sequence was unavailable, the primate^rodent divergence (110 Ma) was used as a secondary calibration, as described elsewhere (Kumar & Hedges 1998) . Although this time estimate comes from a molecular clock study, fossil evidence (Archibald 1996) also supports an early divergence time (490 Ma) for the primate^rodent split. The use of multiple calibration points from the fossil record would be desirable if they were all close to the actual time of divergence. However, most fossil-based divergence times are underestimates, and thus a calibration based on an average of such times would result in a consistent underestimate of divergence time (Kumar & Hedges 1998) . For practical reasons, multiple calibration points usually are not possible because the only sequences available for most genes are those of human, mouse, chicken or a few other commonly sequenced organisms.
Rate di¡erences among lineages were examined for each gene (Kumar 1996; Takezaki et al. 1995) to identify pairwise comparisons showing signi¢cant rate variation (5% level). Single-gene divergence times were estimated using the average-distance method, where the rate was determined using the calibration point (and average distance) and applied to the distance between the two taxa in question (Kumar & Hedges 1998) . Divergence times were averaged across all genes and across constant-rate genes (table 2). The upper and lower 5% (at least the highest and lowest) of single-gene time estimates in each comparison were excluded to minimize the in£uence of outliers (Kumar & Hedges 1998 ).
RESULTS
There were 571 sequences analysed across all 75 genes, and the average number of aligned residues per gene was 658. 1972; 2, Runnegar 1982; 3, Runnegar 1986; 4, Wray et al. 1996; 5, Ayala et al. 1998; 6, Feng et al. 1997; and 7, Gu 1998 . Vertical bars at top indicate fossil record of living phyla (black, basal animal phyla; medium grey, protostomes; light grey, deuterostomes). Only those phyla known from the early Phanerozoic are shown. Standard errors are shown only for those studies where that statistic was reported. The gene-speci¢c gamma shape parameters ranged from 0.54 to in¢nity, but only nine (12%) were below 1.0 and the average value was 2.0 (excluding values45.0). A similar average value was obtained previously (Ota & Nei 1994 ) by analysis of an empirical matrix (Dayho¡ et al. 1978) , and in a study (Gu 1997 ) involving highly divergent protein sequence comparisons (prokaryotes and eukaryotes, metazoan phyla), suggesting some generality to this gamma shape parameter. For this reason, we also estimated evolutionary distances for each gene using a ¢xed shape parameter of 2.0. Average times estimates using the ¢xed shape parameter are similar ( AE5%) to estimates using gene-speci¢c shape parameters (table 2) . A total of 50 genes could be used to estimate the chordate^arthropod divergence, and time estimates ranged from 148^5220 Ma (table 1) . However, after the outliers were excluded, the time estimates ranged from 444^1605 Ma with a mean of 993 AE46 Ma. After 11 genes failing the relative rate tests were excluded, the divergence time (944 AE52 Ma) was within 5% of the time estimate from all genes. The same pattern was observed for the other comparisons here (table 2) and in a study of vertebrate sequences (Kumar & Hedges 1998) , suggesting that rate variation present in some lineages and genes is not directionally biased. A similar pattern was found previously with fewer genes and more taxa (Wray et al. 1996) . The single-gene time estimates for the chordate^arthropod comparison are normally distributed (¢gure 2) and the median (999 Ma) is close to the mean. With outliers excluded, the distribution is slightly (0.07), but not signi¢cantly, right-skewed.
The time estimates (all genes) using the pairwisedeletion method of estimating distances were about a Divergence times using gene-speci¢c shape parameters (a X) and a ¢xed shape parameter (a 2) are shown. 5^10% younger: arthropod^chordate, 942 AE49 Ma; chordate^nematode, 1036 AE 65 Ma; arthropod^nematode, 1098 AE 88 Ma; animal^fungi, 1408 AE71Ma; animalp lant, 1407 AE85 Ma; fungi^plant, 1484 AE 98 Ma. However, because that method may be biased by variation within large insertions, we have used time estimates from the complete-deletion method. The time estimates (all genes; a X, where X is the gene-speci¢c shape parameter) for the six comparisons can be represented easily in a phylogenetic tree (¢gure 3). The chordate^arthropod divergence (993 AE46 Ma) is the most recent, and the average divergence time and average standard error between those two phyla and nematode is 1177 AE79 Ma.
We further examined the evolutionary relationships of arthropods, chordates and nematodes by using genes from table 1 for which the data contained at least one representative sequence from each of these groups and an outgroup. To explicitly test all three alternative hypotheses for the four groups of sequences, we employed fourcluster analysis, which is based on the minimum evolution principle . In this case, the best tree is the minimum evolution (ME) tree (tree requiring the least amount of evolutionary change). This ME tree is compared to the alternative trees and the con¢dence probability that the ME tree is better than the alternative tree is computed for each tree.
The results from four-cluster analysis for 18 genes are shown in table 3. In these results, the chordate +arthropod cluster appears as the best tree in ten genes compared with only four genes supporting nematode +arthropod and four genes supporting chordate +nematode. However, most genes do not show signi¢cant (con¢dence probability, CP495%) support for any one particular phylogeny (exclusive of the other two phylogenies) for these three animal phyla. Such a mixed result was found with previous studies of single genes, where (for example) cytochrome c was found to support protostome polyphyly (Van£eteren et al. 1994) , and 18S rRNA was found to support protostome monophyly (Aguinaldo et al. 1997) . When sequences from all 18 genes are combined (concatenated) into a single alignment of 8081 amino acids and analysed, the chordate + arthropod tree is signi¢cantly better (CP499%) than either alternative hypothesis (table 3). The bootstrap con¢dence value for this relationship was 499% in a neighbour-joining analysis (gamma distance; a 2; 2000 replications). The possibility that the basal position of the nematode is the result of an unusually long branch length, as suggested for 18S rRNA (Aguinaldo et al. 1997) , was examined by calculating relative branch lengths (table 3) . Although the nematode lineage is longer than the other two lineages in most gene comparisons, the ratios of branch lengths show that this di¡erence is not great (ca. 10%). Also, combined analysis of only the 12 genes showing rate constancy in all three comparisons (4291 aligned amino acids) still results in signi¢cant support (CP499%; bootstrap con¢dence value 4 99% in neighbour-joining analysis) for the chordate^arthropod clade (table 3) Table 3 . Evolutionary relationships of three animal phyla (chordates, arthropods and nematodes) tested by four-cluster analysis (A gamma distribution with shape parameter 2 was used in all computations. Con¢dence probability (CP, in per cent) is the probability that the best tree is better than the given tree clustering of chordates and arthropods is not the result of rate bias in the nematode lineage. Divergence times among plants, animals and fungi are quite similar (table 2) . In fact, the divergence times for animal^plant and animal^fungus are almost identical (1547 and 1538 Ma, respectively). Attempts to resolve these relationships using four-cluster analysis also did not produce unequivocal support for a closer association of animals and fungi. An animal^fungi clade has been suggested in analysis of the 18S rRNA gene (Kumar & Rzhetsky 1996; Wainright et al. 1993) . Even in a combined analysis of all 34 genes in which there was at least one plant, animal, fungus and outgroup sequence available (12 729 amino acids), there was no signi¢cant support for any of the three alternative phylogenies using four-cluster analysis (table 4) or bootstrap analysis of a neighbourjoining tree. This ¢nding was unchanged in a combined analysis of the 20 rate-constant genes (6328 amino acids). Our results are similar to a maximum-likelihood analysis of a smaller data set (19 genes) in which the relationships of the three kingdoms could not be established statistically (Kuma et al. 1995) . For these reasons, the divergence of plants, animals and fungi is not resolved in ¢gure 3.
DISCUSSION
The results show that divergences among chordates, arthropods and nematodes average about 400 million years earlier than predicted by the fossil record (¢gures 1 and 3). Also, the divergence between the two protostomes (arthropod and nematode) is at least as old as the split between a protostome (arthropod) and a deuterostome (chordate). The three-way split of plants, animals and fungi, 1576 AE 88 Ma (¢gure 3), establishes the earliest time for divergences within animals. By inference, the primitive animal phyla (e.g. Porifera, Cnidaria, Ctenophora) diverged between that time and 1200 Ma. In an analysis of two genes (Nikoh et al. 1997 ), a more recent divergence time (940 Ma) was obtained for the divergence between sponges (Porifera) and higher phyla (Eumetazoa). However, a protostome^deuterostome divergence of 700 Ma was used as a calibration point in that study; a 1300 Ma divergence between Porifera and Eumetazoa would be obtained with the protostome^deuterostome divergence time estimated here. Several lines of evidence suggest that these new time estimates are more robust than earlier estimates. First, a much larger number of genes was used (¢gure 1), which will reduce the statistical error in the time estimate (Kumar & Hedges 1998) . Second, the median (999 Ma) of the distribution of arthropod^chordate time estimates (¢gure 2) is similar to the mean. Although we used a gamma distance to account for rate variation among sites in calculating evolutionary distances for each gene (table 1) , a minimal (Poisson) correction yielding a date of 906 AE 40 Ma for the arthropod^chordate divergence also rejects the hypothesis that this divergence occurred during the Cambrian explosion. Additional sequences will be needed to determine whether other metazoan phyla not examined here also arose at an earlier time than predicted by the fossil record.
The recognition that animal phyla diverged much earlier than when they appear in the fossil record has a direct impact on evolutionary models assuming a rapid phylogenetic diversi¢cation in the Cambrian (Gould 1989; Ohno 1996) . The Cambrian explosion of fossils may simply record the appearance of hard parts in animals that already had a long prior history (Conway-Morris 1993). Besides being soft-bodied, the earliest animals are believed to have been very small or microscopic (Davidson et al. 1995; Runnegar 1982) . This combination may explain the absence of fossil evidence for the early history of animals. Whether the increase in body size and acquisition of hard parts was directly related to the rise in atmospheric oxygen (Can¢eld & Teske 1996; Knoll 1992 ) has yet to be determined. An alternative argument is that macroscopic animals existed during this long gap in the Proterozoic. Support for that argument comes from 11001 300 Ma trace fossils from Texas (Breyer et al. 1995) and India (Seilacher et al. 1998) thought to be the tunnels of triploblastic metazoans (worms). However, concerns have been raised as to the age of the Indian rocks and whether the organisms responsible for those burrows were unicellular or multicellular (Brasier 1998) .
In many ways, this uncoupling of phylogenetic and phenotypic evolution (Fortey et al. 1997 ) is similar to the diversi¢cation of placental mammals, where fossil evidence records an explosive radiation in the early Tertiary following a much older phylogenetic history recorded by molecular clocks (Hedges et al. 1996; Kumar & Hedges 1998) . The premise that these long gaps exist in the fossil record presents a challenge to palaeontologists, and the exquisite preservation potential of some late Proterozoic rock formations (Li et al. 1998; Xiao et al. 1998 ) provides a means of testing these hypotheses in the future.
